Uremia results in a relatively immunocompromised status, and patients under chronic dialysis have an elevated risk of developing herpes zoster (HZ). We sought to investigate the relationship between vitamin D status and immunity to varicella-zoster virus (VZV). A multicenter prevalent hemodialysis cohort was assembled between 2012 and 2013. We assayed the biochemical parameters, 25-hydroxy-(25-OH-D) and 1,25-dihydroxyvitamin D, vitamin D-binding protein levels in the sera. VZV immunity was quantitated using VZV-specific glycoprotein IgG and IgM titers. Eighty-eight patients were enrolled and their sera were analyzed. Chronic hemodialysis patients with 25-OH-D , 30 ng/ml (insufficiency or deficiency) had significantly lower VZV-IgG than those with sufficient 25-OH-D (p 5 0.04). This discrepancy became more prominent if active vitamin D users alone were analyzed (p 5 0.01). Generalized additive modeling showed that those with 25-OH-D higher than 27.8 ng/ml or bioavailable 25-OH-D higher than 3.88 ng/ml had significantly higher VZV-IgG levels than those with lower values. Linear regression suggested that both total and bioavailable 25-OH-D were significantly associated with higher VZV-IgG levels (p 5 0.003 [total] and 0.01 [bioavailable]), whereas patients with cancer had lower VZV-IgG. Vitamin D may therefore be a potentially useful choice for raising VZV immunity in chronic dialysis patients. N on-communicable diseases, especially chronic kidney disease (CKD) and end-stage renal disease (ESRD), are emerging global threats for public health and constitute significant burden to healthcare systems Patients under chronic hemodialysis have a 40-50-fold increased risk of mortality from sepsis compared with the general population 3,4 . ESRD impairs immunity in multiple ways. First, innate immunity is compromised, as monocytes and polymorphonuclear leukocytes display defective phagocytosis and increased apoptosis during uremia 5, 6 . Second, adaptive immunity is dysregulated in ESRD patients: antigen-presenting cells are found to have poor antigenpresenting capabilities, and mitogen-induced T cell activation is suppressed 7 . Moreover, the depletion of dendritic cells, naïve and central memory CD41/CD81 T cells further illustrates the relative immune-deficient status of uremic patients 8, 9 . B-cell lymphopenia and reduced antibody production during uremia indicates the concurrent impairment of humoral immunity as well 10, 11 . Weakened immunity brought by uremia potentially leads to higher incidences of both bacterial and viral infections in ESRD patients. Among those infections, herpes zoster (HZ) reactivation (from varicella zoster virus [VZV]) is an important category because HZ episodes are associated with the subsequent development of postherpetic neuralgia (PHN) and long-term elevated risks for cardiovascular and stroke events 12, 13 . Indeed, recent studies discovered that CKD as well as ESRD patients have 60% and nearly 200% higher risks of developing HZ compared with age/gender-matched population, respectively 14, 15 . Together, these findings signifies that uremic patients have impaired immunity against VZV.
N on-communicable diseases, especially chronic kidney disease (CKD) and end-stage renal disease (ESRD), are emerging global threats for public health and constitute significant burden to healthcare systems 1 . ESRD patients often have impaired immune systems and manifest susceptibility to infections 2 . Patients under chronic hemodialysis have a 40-50-fold increased risk of mortality from sepsis compared with the general population 3, 4 . ESRD impairs immunity in multiple ways. First, innate immunity is compromised, as monocytes and polymorphonuclear leukocytes display defective phagocytosis and increased apoptosis during uremia 5, 6 . Second, adaptive immunity is dysregulated in ESRD patients: antigen-presenting cells are found to have poor antigenpresenting capabilities, and mitogen-induced T cell activation is suppressed 7 . Moreover, the depletion of dendritic cells, naïve and central memory CD41/CD81 T cells further illustrates the relative immune-deficient status of uremic patients 8, 9 . B-cell lymphopenia and reduced antibody production during uremia indicates the concurrent impairment of humoral immunity as well 10, 11 . Weakened immunity brought by uremia potentially leads to higher incidences of both bacterial and viral infections in ESRD patients. Among those infections, herpes zoster (HZ) reactivation (from varicella zoster virus [VZV] ) is an important category because HZ episodes are associated with the subsequent development of postherpetic neuralgia (PHN) and long-term elevated risks for cardiovascular and stroke events 12, 13 . Indeed, recent studies discovered that CKD as well as ESRD patients have 60% and nearly 200% higher risks of developing HZ compared with age/gender-matched population, respectively 14, 15 . Together, these findings signifies that uremic patients have impaired immunity against VZV.
Despite this, the risk factors for HZ reactivation in chronic hemodialysis patients remain unknown. We previously identified that active vitamin D use was associated with a lower risk of HZ reactivation 16 . However, vitamin D statuses were not determined in such retrospective study, and whether the association with lower HZ risk was mediated by vitamin D deficiency or active vitamin D use was unclear. In the current study, we analyzed the association between VZV-specific antibody titers and circulating vitamin D forms, to test whether serum vitamin D levels play an important role in determining VZV immunity.
Methods
Study design, setting, and clinical data collection. The current study was conducted prospectively in National Taiwan University Hospital (NTUH) and its affiliated branches in Yun-Lin County, between 2012 and 2013. ESRD patients undergoing maintenance hemodialysis for more than three months were identified and recruited from these centers. Exclusion criteria included patients with a history of renal transplantation, those who were pregnant, and those who did not provide signed consent. The study was approved by the Institutional Review Board of NTUH (NO. 201208069RIC), and all participants provided written inform consent. This study was performed in compliance with the declaration of Helsinki.
Demographic information, including age, gender, and dialysis vintage was collected through chart abstraction or electronic medical record verification. We recorded patients' comorbidities and ESRD etiologies at the time of recruitment. The comorbidities were defined as follows: patients were classified as having DM and hypertension if their medical records had evidence of past/current use of hypoglycemic medications and anti-hypertensive agents, respectively. Heart failure was defined according to evidence of echocardiographic findings (left ventricular ejection fraction ,50%) with compatible symptoms from medical records. Cirrhosis was identified with abdominal imaging studies. A history of malignancy and was confirmed by histopathologic findings, and rheumatologic diseases were confirmed with positive serology and clinical diagnoses by rheumatologists.
Laboratory assay. Blood samples before dialysis were collected and immediately transported for analysis of routine hemogram and biochemistry assays. In addition, blood samples were centrifuged to obtain plasma. Samples were all frozen at 280uC until assays were performed. Serum biochemistry assays included albumin, azotemic levels (urea nitrogen), creatinine, and electrolytes (sodium, potassium, calcium, phosphate). Calcium levels were corrected for serum albumin concentrations. Dialysis adequacy was calculated using the Daugirdas formula. Intact parathyroid hormone (PTH, 1-84) was measured by the LIAISON (DiaSorin, Stillwater, MN, USA) assay in the central laboratory.
Total 25-hydroxy-vitamin D (25-OH-D) and 1,25-dihydroxy-vitamin D [1,25-(OH) 2 -D] were measured using a commercially available radioimmunoassay (DiaSorin, Stillwater, MN, USA) within 3 months of sample collection. Inter-assay coefficients of variation for 25-OH-D and 1,25-(OH) 2 -D were less than 5% at values , 30 ng/ml and , 30 pg/ml, respectively. We also examined vitamin D-binding protein (DBP) by commercial ELISA (R&D Systems, Minneapolis, MN, USA), with an inter-assay coefficient of variation , 5%.
Serum antibody titers including VZV-specific IgG and IgM were utilized as surrogate markers for immunity against VZV. VZV-specific glycoprotein IgG has been demonstrated in past studies and recognized by U.S. Food and Drug Administration (FDA) as an alternative measure for vaccine efficacy and potential VZV immunity 17, 18 , owing to the convenience and availability of this assay, compared with those for cellmediated immunity. VZV-specific IgM, when detectable, indicates recent exposure to the virus, including primary infection, re-infection, or reactivation, but discrimination could be difficult. On the other hand, VZV-specific IgG starts to rise after IgM wanes, but persists for years even after primary infection/reactivation subsided.
VZV-specific antibodies were measured with a previously validated quantitative ELISA method, which detected antibodies against VZV glycoproteins prepared from human fibroblasts infected by VZV 19 . Both VZV-specific IgG and IgM were determined (VIRION/SERION ELISA Classic, Wurzburg, Germany). Rheumatoid factorabsorbent was added into dilution buffer to prevent false positivity during the VZV-gpELISA IgM assay, according to the manufacturer's suggestion. 20, 21 . Briefly, both 25-OH-D and 1,25-(OH) 2 -D contain forms binding to albumin and DBP in the circulation, and total vitamin D concentrations (both 25 and 1,25) may be divided into albumin-bound, DBP-bound, and free (unbound) forms. The free form can be calculated using total forms, affinity constants (K alb , between vitamin D and albumin; K DBP , between vitamin D and DBP) and albumin concentrations. The bioavailable form is calculated from the free form in conjunction with K alb /albumin. Equations used in the current study are provided below 20, 21 : Definition of constants : A~K DBP |K alb | Alb ½ zK DBP ; 
Results
Clinical features of the participants. A total of 88 chronic hemodialysis patients were enrolled consecutively. The baseline characteristics of these patients are summarized in Table 1 . The median age was over 65 years, and most patients had comorbidities such as hypertension. Chronic glomerulonephritis and DM nephropathy were the predominant causes of dialysis. Approximately half of the patients were using active vitamin D, which in this cohort consisted of 1-a-calcidol (44 [97.8%]) and calcitriol (1 [2.2%]). All active vitamin D users received at least 3 months of therapy before blood tests, and the 1-a-calcidol dosage was 3.4 6 3.8 mg/week. All the participants were enrolled during the warm seasons (March to June). For the past history of VZV, only 3 (3.4%) patients recalled experiences of developing zoster-like lesions before, all of whom belonged to the 25-OH-D deficiency category (total 25-OH-D , 20 ng/ml). One event occurred within one year before blood test, while the others occurred more than two years ago. None of the participants received VZV vaccines before. Mineral metabolism and hormone status. Parameters pertaining to mineral and bone metabolism are also provided in (Table 2 ), but 25-OH-D levels did not differ between users and non-users (p 5 0.87). Corrected serum calcium and phosphate levels were each associated with total 1,25-(OH) 2 VZV immunoglobulin status and clinical variables. Next, we investigated the associations between serum VZV-IgG, IgM levels and enrollees' clinical variables (Table 3) . Correlations between VZV immunoglobulin and mineral bone parameters were analyzed owing to anecdotal evidence regarding the impact of hyperparathyroidism on immune system, and calcium related VZV gene regulation 22, 23 . VZV-IgG levels were negatively associated with the presence of malignancy (p 5 0.02), marginally associated with male gender (p 5 0.06), whereas VZV-IgM levels were positively associated with higher hemoglobin levels (p 5 0.05) but negatively associated with the presence of heart failure in chronic dialysis patients (p 5 0.04).
Relationship between VZV immunoglobulin and vitamin D statuses. We subsequently divided patients according to their serum 25-OH-D levels, based upon the Endocrine Society's guideline (deficiency, , 20 ng/ml; insufficiency, 20 -30 ng/ml; sufficiency, $ 30 ng/ml) 24 . A total of 52 (59. (Table 2) 20,21
. DBP levels did not differ between patients with sufficient or insufficient/deficient 25-OH-D levels (252 6 46.1 vs. 224 6 78.3 mg/ml, p 5 0.36), and between patients receiving active vitamin D or not (227 6 67.6 vs. 227 6 85.5 mg/ml, p 5 0.99). Bioavailable 1,25-(OH) 2 -D levels were significantly higher among active vitamin D users (p , 0.01). GAM models showed that serum 25-OH-D values higher than 27.8 ng/ml were significantly more likely to be associated with higher VZV-IgG levels, whereas serum bioavailable 25-OH-D values higher than 3.88 ng/ml demonstrated a similarly positive association with VZV-IgG ( Figure 5 ). Excluding the three patients with previous experiences of zoster, GAM still revealed a cut-off value of 27 ng/ml, close to the original results.
Finally, multivariate linear regression analyses incorporating demographic data, comorbidities, laboratory profiles, dialysis parameters, use of active vitamin D or not, and different vitamin D forms (both total/bioavailable 25-OH-D and 1,25-(OH) 2 -D) were performed to determine the associations between different vitamin D forms and VZV antibody titers. VZV-IgM showed no significant associations with both total and bioavailable 25-OH-D levels. In contrast, regression analyses revealed that VZV-IgG levels were positively affected by the presence of total 25-OH-D levels $ 27.8 ng/ml (p 5 0.03), whereas bioavailable 25-OH-D $ 3.88 ng/ml also significantly predicted higher VZV-IgG levels (p 5 0.01) ( Table 4) . However, after adjustment, both total and bioavailable 1,25-(OH) 2 -D levels were not significantly associated with VZV-IgG levels (p 5 0.08 and 0.06, respectively). Active vitamin D use did not significantly correlate with higher VZV-IgG levels. Sensitivity analysis excluding the three patients with VZV experiences also showed that VZV-IgG levels were positively affected by the presence of 25-OH-D higher than 27 ng/ml (p 5 0.036).
Discussion
In the current study, we demonstrated that serum vitamin D levels were positively associated with immunity against VZV. Both total and bioavailable 25-OH-D sufficiency were associated with higher VZV IgG levels, whereas neither total nor bioavailable 1,25-(OH) 2 -D levels demonstrated such associations. Furthermore, the identified threshold value of total 25-OH-D, 27.8 ng/ml, for predicting higher VZV-IgG values, was close to the guideline-specified 25-OH-D sufficiency (30 ng/ml). Vitamin D is renowned for its pleiotropic effects. Vitamin D traditionally plays an important role in divalent ion regulation and skeletal mineralization, and its deficiency is associated with a higher risk of fractures 25 . In addition, vitamin D has non-skeletal functions including cardiovascular, metabolic, and most importantly, immune-modulatory effects 26, 27 . Indeed, a 25-OH-D level lower than 20 ng/ml confers increased risk of immune disorders such as type 1 DM and multiple sclerosis 28, 29 . Because vitamin D receptors (VDRs) reside in neutrophils, T-cells and antigen-presenting cells (APCs) 30 , and vitamin D exerts its action through VDRs, vitamin D would be expected to participate in the regulation of immunity.
In innate immunity, vitamin D may affect APC maturation, whereas cytokines released by activated immunocytes upregulate CYP27B1 (1-a hydroxylase) expression 31 . Vitamin D also induces the production of human cathelicidin, a potent antimicrobial peptide against bacterial infections 30 . In adaptive immunity, evidence suggests that the activation of human B and T-cells resulted in VDR expression 32 . 1,25-(OH) 2 -D also modulates T-cell maturation and increases the proportion of regulatory T cells 33 . Moreover, 1,25-(OH) 2 -D fine-tunes interactions between pathogens and their targets and potentially limits the extent of inflammation triggered by microbial invasion 30, 34 . Consequently, vitamin D may play an even more important role in calibrating immunity among the relatively immunocompromised ESRD patients. Existing studies did find that vitamin D levels correlated with circulating cathelicidin concentrations in ESRD patients, and lower cathelicidin levels were associated with higher mortality from sepsis 35 . Additionally, 25-OH-D deficiency was associated with impaired cellular immunity in hemodialysis patients, whereas the administration of vitamin D restored T-cell IL-2 production and NK cell function 36, 37 . Based on these data, vitamin D potentially exerts a potentially immune-enhancing role in ESRD patients, and variations in vitamin D status may underlie the susceptibility to infection among this population. Our finding that insufficient/deficient 25-OH-D correlated with lower VZV-IgG levels, or lower VZV immunity, is noteworthy ( Table 4 ). The associations between vitamin D statuses and circulating antibody levels have been described only among rheumatologic disorders in the literature. For example, 25-OH-D is found to negatively correlate with autoantibody levels in patients with thyroid diseases 38 . For pathogen-specific antibodies, 25-OH-D levels often display positive associations. There is evidence that suggests that 25-OH-D levels are positively linked with pneumococcal antibody titers, whereas sufficient 25-OH-D (.30 ng/ml) is predictive of higher EBV, CMV and HSV antibody titers in patients with multiple sclerosis 39, 40 . Supplementation of cholecalciferol in lupus patients significantly raises tetanus-specific IgG 41 . Nonetheless, such connection had not been reported before in ESRD patients. Our finding would be the first to demonstrate that the vitamin D-antibody relationship exists in ESRD patients. Furthermore, we discovered that this relationship exists for both total and bioavailable forms of 25-OH-D. This issue deserves further investigation because nutritional vitamin D use may bear theoretical potential for boosting VZV immunity. The absence of an association between 1,25-(OH) 2 -D levels and VZV-IgG may be partially explained by the tissue-specific nature of 1,25-(OH) 2 -D biologic effects, or by the relatively modest case number in this study.
Our finding that active vitamin D might simultaneously play a role in enhancing VZV-immunity (Figure 4 ) also merits attention. In unadjusted analysis, the subgroup with sufficient 25-OH-D and concurrent vitamin D use manifested significantly higher VZV-IgG levels than the other subgroups. However, multivariate regression analyses identified only 25-OH-D levels (total or bioavailable) as significant predictors of VZV-IgG, while active vitamin D did not The VZV-specific immunity could potentially be influenced by the patients' medical history of zoster. However, reports of vaccination immunologic efficacy described that VZV-specific IgG levels did not alter significantly for at least two years after vaccination, except an initial surge within 6 weeks of vaccination 17, 42 . In line with this, remote episodes of zoster expectedly won't influence the VZV-IgG levels, since vaccination and recent infection were both stimulators of VZV-IgG productions. If a great majority of our cohort did not have a recent zoster episode, their VZV-IgG status might not be altered significantly at the time of blood testing. In addition, none of participants ever received VZV vaccines before, and vaccination-induced antibody enhancement would not affect our results. Consequently, we believed that medical history of zoster in our cohort did not influence our findings.
Another notable finding of this study lies in the concordance of the biologic effects of bioavailable and total vitamin D (Table 4 ). Since the discovery that genetic heterogeneity of vitamin D binding protein levels is responsible for racial differences in vitamin D levels 43 , subsequent studies sought to clarify the role of bioavailable vitamin D, mostly within the context of mineral-bone studies. Bhan et al. determined that bioavailable 25-OH-D displayed a greater association with divalent ions and parathyroid hormone levels in incident ESRD patients 21 . However, most vitamin D studies still rely on the measurement of total vitamin D alone, and conflicting results often ensue. It is then likely that some reported absence of relationship between vitamin D status and pathogen-specific immunity 44 may result from a failure to consider the bioavailable forms. In this regard, utilizing bioavailable vitamin D may be both important and practical for the study of vitamin D effects.
There may be several reasons for the increase in HZ incidence among ESRD patients. The defense against VZV reactivation lies mostly within the intactness of cellular immunity, and 25-OH-D deficiency has been known to aggravate CD8 T-cell shortage 45 , thus predisposing patients to developing HZ. The association between 25-OH-D insufficiency and poorer humoral immunity against VZV may then be reflective of defective cellular immunity simultaneously because VZV-IgG titers reportedly correlate well with VZV cellular immunity 17, 18 . It may be worthwhile to investigate the utility of vitamin D in ESRD patients with experiences of HZ. Moreover, nutritional vitamin D may serve as a potentially useful adjuvant in patients who wish to receive the globally marketed VZV vaccines.
Our study has several strengths. This is the first study to clarify the associations between vitamin D levels and viral immunity in ESRD patients, and this finding could be potentially therapeutic. The identified 25-OH-D threshold correlated fairly well with the existing guideline. However, there are still limitations to this study. First, the cellular immunity index was not tested in our cohort, and thus the associations between cell-mediated immunity and vitamin D status could not be confirmed. Because such an index is feasible only in highly specialized laboratories, and past studies derived similar trends of change in VZV-IgG and cell immunity index, we believed this issue was of less importance. Second, the size of our cohort is inadequate to draw definite conclusions. Further large-scale studies would be required to confirm our findings.
Conclusion
Vitamin D presumably has an immunoregulatory role and is involved for dialysis patients in the defense against infection. We found that 25-OH-D $ 27.8 ng/ml was positively associated with VZV-IgG levels in ESRD patients, suggesting potentially greater VZV-specific immunity. In addition, both higher total and bioavailable 25-OH-D correlated with higher VZV-IgG levels, whereas 1,25-(OH) 2 -D did not demonstrate such association. Judging from these findings, nutritional vitamin D may be a promising agent in our armamentarium by boosting immunity against herpes zoster in chronic dialysis patients.
